In this letter, hydrogen-hindered phase transition of ferroelectric ceramics from cubic to tetragonal has been studied by experiment and first principles calculation. The calculation shows that for hydrogenated tetragonal PbTiO 3 , double-lowest-energy sites of Ti along the c axis exist no longer and the only lowest energy site locates at the center of the cell. The calculation can explain the experiment that hydrogen charged above its Curie temperature can hinder phase transition of lead zirconate titanate from cubic paraelectricity to tetragonal ferroelectricity.
In this letter, hydrogen-hindered phase transition of ferroelectric ceramics from cubic to tetragonal has been studied by experiment and first principles calculation. The calculation shows that for hydrogenated tetragonal PbTiO 3 , double-lowest-energy sites of Ti along the c axis exist no longer and the only lowest energy site locates at the center of the cell. The calculation can explain the experiment that hydrogen charged above its Curie temperature can hinder phase transition of lead zirconate titanate from cubic paraelectricity to tetragonal ferroelectricity. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2358289͔ Ferroelectric ceramics have been widely used in smart devices such as actuators, sensors, micropositioners, and transformers.
1 It is well known that hydrogen generated during forming gas annealing or in electroplating process may cause severe degradation in resistivity and ferroelectricity.
2-10 Up to now, however, there is no report about the effect of hydrogen on phase transition of ferroelectric ceramics. After forming gas annealing above its Curie temperature the polarization-voltage hysteresis loop of PZT film disappeared gradually. 9, 10 No hysteresis implies that it is a cubic paraelectricity. Therefore, it seems that hydrogen entered above its Curie temperature can hinder the phase transition of the PZT film from cubic paraelectricity to tetragonal ferroelectricity, although nobody in Refs. 9 and 10 mentioned this point of view.
First principles investigations have obtained lots of significant results in ferroelectricity and ferroelectric transition for perovskite-based ferroelectric ceramics. [11] [12] [13] [14] The goal of this letter was to investigate the effect of hydrogen on phase transition of ferroelectric ceramics through experiment and first principles calculation.
A commercial soft lead zirconate titanate ceramic Pb͑Zr 0.52 Ti 0.48 ͒O 3 ͑PZT-5H͒ was used. The description of specimen, charging process, and measurement of hydrogen concentration have been reported elsewhere. 15, 16 X-ray diffraction ͑XRD͒ and heating differential scanning calorimetry ͑DSC͒ patterns of PZT-5H in different charging conditions are shown in Figs. 1͑a͒ and 1͑b͒ , respectively. The appearance of double peaks in curves A, B, C, and E in Fig. 1͑a͒ corresponds to tetragonal phase and no double peaks in curve D corresponds to cubic phase. The ratios of c to a axis calculated based on curves A-E in Fig.  1͑a͒ were 1.0114, 1.0128, 1.0113, 1.0000, and 1.0077, respectively. The calculation of c / a also proved that curve D corresponds to cubic phase and the others correspond to tetragonal phase. Figure 1͑b͒ indicates that there is an endothermic transition from tetragonal ferroelectricity to cubic paraelectricity at its Curie temperature of 300°C for the samples uncharged and charged below the Curie temperature, as shown by curves A, B, and C in Fig. 1͑b͒ . For the sample charged in H 2 at 450°C, however, there is no endothermic peak from 25 to 450°C, as shown by curve D in Fig.  1͑b͒ . After outgassing at 800°C, however, the endothermic peak appears again at the Curie temperature of 300°C, as shown by curve E in Fig. 1͑b͒ . These results indicate that the lattice parameters and the tetragonal structure of the PZT-5H do not change after charging at the temperature below the Curie temperature. However, if the charging temperature is higher than the Curie temperature, the PZT-5H will be a cubic paraelectricity instead of tetragonal ferroelectricity after cooling to room temperature. After outgassing at 800°C, the tetragonal ferroelectricity is restored. Therefore, hydrogen charged above its Curie temperature can hinder the phase transition from cubic to tetragonal during cooling to room temperature.
First principles plane-wave pseudopotential density functional theory as implemented in the CASTEP code within the local-density approximation was applied. 17 All calculations were carried out in PbTiO 3 structure instead of PZT structure to make it easier to discuss. put into the perovskite-type unit of cubic and tetragonal PbTiO 3 and then its possible locations were looked for. Figure 2͑a͒ is a tetragonal PbTiO 3 with one H in the unit cell and A, B, and C are three possible sites H occupied. Calculation showed that the minimum values of total energies corresponding to site A at ͑0.5, 0.25, 0.05͒, tetrahedral interstitial site B at ͑0.25, 0.25, 0.25͒, and site C between Ti and apical O͑1͒ ion at ͑0.5, 0.5, 0.25͒ were −4601.73, −4601.04, and −4600.15 eV, respectively. When hydrogen occupied site A, B, or C, the distances between H and O͑1͒ were 0.1016 nm, 0.1485 nm, and 0.1529 nm, respectively. Hydrogen should occupy site A, the total energy is the lowest and the distance between H and O͑1͒ has a smallest value, compared to sites B and C, which are the possible sites proposed by Aggarwal et al. 9 The distance 0.1016 nm means that a strong interaction between H and O͑1͒ exists, which can result in the overlap of the electronic clouds between H and O͑1͒, as shown in Fig. 3͑b͒ . The calculation is consistent with the experimental results, 9, 10 i.e., existing O-H bonds in PZT ceramics. Calculation showed that the electron overlap populations between O-Ti were 0.98 for hydrogen-free PbTiO 3 and 0.70 for hydrogenated PbTiO 3 , respectively. Hydrogen decreases the electron overlap population between O-Ti means that hydrogen weakens the interaction between O-Ti. It has been pointed out that the stronger the hybridization between the two atoms, the larger tendency to form bond or interaction between two atoms. 18, 19 Therefore, hydrogen decreases the overlap population between O-Ti and weakens the hybridization between O-Ti, resulting in the decrease of stability of tetragonal ferroelectric phase.
The variation of the total energy with the displacement of Ti along the c axis for hydrogen-free and hydrogenated PbTiO 3 is shown in Fig. 3. Fig. 3͑a͒ indicates that for hydrogen-free PbTiO 3 with the tetragonal structure, there are two lowest energy sites for Ti in the c axis which are ±0.016 nm from the center of the unit cell. The calculation result is consistent with the experimental value of ±0.017 nm. 20 Figure 3͑b͒, however, shows that for the hydrogenated tetragonal structure, the double-lowest-energy sites of Ti along the c axis disappear and the lowest energy site is located at the center of the cell. Therefore, when hydrogen enters into the cubic PbTiO 3 above its Curie temperature, the cubic structure continues to be a stable structure during cooling because for Ti there is no lower energy site than the center of the cell. As a result, ferroelectric tetragonal structure in PbTiO 3 charged above the Curie temperature will not appear during cooling to room temperature because of no displacement of Ti along the c axis. The calculation can explain the experiment that hydrogen charged above its Curie temperature will hinder phase transition of PZT-5H from cubic paraelectricity to tetragonal ferroelectricity. Figure 1 , however, also indicates that PZT keeps a tetragonal structure after charging at the temperature below the Curie temperature. The reason is the existence of energy barrier from tetragonal to cubic which composed of elastic energy, depoling energy, and static electric energy. Besides the insufficient thermal energy, hydrogen entered into tetragonal PZT during charging below the Curie temperature cannot provide an additive energy to overcome the energy barrier, and then the tetragonal structure cannot transform to cubic structure during charging below the Curie temperature.
In summary, the first principles calculation shows that for hydrogenated tetragonal PbTiO 3 , the double-lowestenergy sites of Ti along the c axis exist no longer and the only lowest energy site locates at the center of the cell. Therefore, for a cubic PbTiO 3 charged above its Curie temperature, Ti cannot move along the c axis to be a tetragonal structure during cooling to room temperature. The calculation can explain the experiment that hydrogen charged above its Curie temperature can hinder phase transition of lead zirconate titanate from cubic paraelectricity to tetragonal ferroelectricity.
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